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We have investigated the time evolution of electron transport in the lowest miniband of semiconductor
superlattices for various initial electron distributions created by femtosecond laser pulses. It is found that the
terahertz wave forms emitted by the transient motion of Bloch oscillating electrons are insensitive to the pump
photon energy and that the current starts from its maximum as damped cos �Bt ��B: Bloch frequency�, in
contrast to the expectation from semiclassical miniband transport. We show that the translationally symmetric
electron distribution on the Wannier-Stark ladder is essential for the observed unique oscillation phase.
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I. INTRODUCTION

Charge transport in biased crystals is one of the most
fundamental subjects in solid-state physics. A peculiar aspect
of this was noticed by Bloch1 and Zener2 around 1930: a
repetition of Bragg reflections in the semiclassical energy-
momentum dispersion relation, as currently called the Bloch
oscillation. In quantum mechanics, the Bloch oscillation is
described as the formation of equidistant energy levels,
namely, the Wannier-Stark �WS� ladder.3 As schematically
illustrated in Fig. 1, these two pictures are related to each
other in such a way that the energy separation between any
two neighboring levels in the WS ladder is equal to the prod-
uct of the Planck constant and the Bloch frequency for the
semiclassical acceleration in the Brillouin zone. Here, the
Bloch frequency is given by �B=eFd /� with F being the dc
bias electric field and d being the lattice constant. The Bloch
oscillation has never been observed in bulk solids because
electron scattering rates are much higher than �B for their
subnanometer lattice constants. Since Esaki and Tsu4 pro-
posed in 1970 an idea of miniaturizing the Brillouin zone,
semiconductor superlattices �SLs� have been an ideal system
for investigating electronic properties in single energy bands,
and intriguing properties related to Bloch oscillations in both
steady states5–8 and transient transport9–12 have been re-
ported.

So far, it has been commonly believed that the semiclas-
sical band picture and the WS ladder picture can be equiva-
lently used, depending on whichever is more convenient, to
describe various kinds of transport phenomena in semicon-
ductor SLs.13,14 However, the equivalence between the two
pictures has never been critically examined; it has been veri-
fied only for a few properties in steady states,15,16 where
Bloch oscillations are dephased.

In this work, we have demonstrated that the equivalence
between the two pictures breaks down for the transient trans-
port of Bloch oscillating electrons. Our phase-sensitive mea-
surement of terahertz �THz� electric fields emitted from
GaAs-based SLs reveals that the transient current always
starts from its maximum as damped cos �Bt for various ini-
tial electron distributions created by femtosecond laser

pulses. We show that the observed oscillation phase cannot
be explained from semiclassical electron distributions in mo-
mentum space and is governed by the translationally sym-
metric electron distribution under WS localization of elec-
tron wave functions.

II. EXPERIMENT

The sample used in this study was an undoped GaAs�7.5
nm�/AlAs�0.5 nm� SL grown by molecular-beam epitaxy on
a �001� n+-GaAs substrate. The miniband structure of this SL
potential was calculated using the Kronig-Penney model: the
ground miniband is 45 meV wide and separated from the first
excited miniband by a 93-meV-wide minigap.17 To apply dc
bias electric fields to the sample, we fabricated a semitrans-
parent NiCr Schottky contact on the front surface and a Au-
GeNi Ohmic contact on the back surface. Electrons were
created in the ground miniband by light pulses with a tem-
poral width of �100 fs delivered from a tunable mode-
locked Ti:sapphire laser. Since no sign of Zener tunneling
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FIG. 1. �Color online� Two physical pictures predicting Bloch
oscillations in biased crystals with lattice constant d along the z
axis. �a� Semiclassical band picture: under dc bias electric fields F,
electrons in a single energy band �solid curve drawn in momentum
space� are accelerated and experience Bragg reflections from kz

=� /d to −� /d repeatedly at the Bloch frequency �B=eFd /�. �b�
Wannier-Stark ladder picture: in quantum mechanics, the energy
band �parallelogram region drawn in real space� is split into discrete
levels �horizontal bars� with equal energy separation by ��B. Elec-
trons exhibit quantum beats at the Bloch frequency �B before
reaching the steady states.
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into higher minibands was observed, electron transport took
place only in the ground miniband in the electric field range
studied here. For various central photon energies of the pump
light pulses Epm, transient THz electric fields emitted from
the sample were recorded in the time domain using a 0.1-
mm-thick �110� ZnTe electro-optic sensor, which has a flat
sensitivity up to 3.5 THz. The THz signals are dominated by
electron motion, because the miniband for heavy holes is
much narrower than that for electrons and the optical absorp-
tion for light holes is only 1/3 of that for heavy holes.18,19 In
the experiment, the dc photocurrent was kept constant with
the electron concentration as low as �1�1014 cm−3 to
avoid the field-screening effect. All the measurements were
performed at 10 K.

III. RESULTS AND ANALYSIS

Figure 2 shows the temporal wave forms of the THz elec-

tric fields emitted from the sample at F=11 kV /cm for
Epm=1.538–1.577 eV, with a time origin placed at a tenta-
tive position. The values of 1.538 and 1.577 eV for Epm
correspond to the photoexcitation of electrons near the bot-
tom and the top of the ground miniband, respectively. For
Epm�1.538 eV, neither THz emission nor dc photocurrent
was observed because Epm is too low for interband photoex-
citation. As seen in the figure, the THz wave forms have a
characteristic feature consisting of an initial small positive
peak at −0.23 ps and a subsequent damped sinusoidal oscil-
lation. This oscillatory part has a frequency of 2.0 THz and
is, indeed, nearly equal to the expected Bloch frequency
eFd /h.19 It should be noted that the observed THz wave
forms are very insensitive to the change in Epm. This behav-
ior is surprising in the framework of semiclassical miniband
transport because, when Epm is varied, different initial elec-
tron distributions should be created in the mini-Brillouin
zone.

To clarify how the transient electron transport starts and
evolves in biased SLs, we first determined the time origin of
the THz wave forms accurately, i.e., we removed a misplace-
ment �t of the time origin by applying an elaborate algo-
rithm, the maximum-entropy method �MEM�, to the THz
wave forms ETHz�t� of Fig. 2. The principle of the MEM for
THz emission spectroscopy is very similar to that for THz
reflection spectroscopy.20 The MEM extracts resonance fea-

tures from the power spectrum �ẼTHz����2 of measured THz
wave forms and calculates phase shifts �M��� across the
resonances. Here, the tilde denotes the Fourier transform and
�M��� is called the MEM phase. The remaining part in the

phase spectrum, 	err���=arg ẼTHz���−�M���, is called the
error phase and originates from small random noise and a
systematic shift by −��t due to misplacement of the time

origin. It should be noted that, since �ẼTHz����2 does not
depend on the position of t=0, the misplacement of the time
origin does not affect �M��� and appears only in 	err���. The
separation between �M��� and −��t is a great advantage in
determining �t, which has never been achieved by empirical
methods.19,21,22

Numerical analysis of ETHz�t� by the MEM is shown in
Fig. 3 for the data taken at Epm=1.538 eV of Fig. 2, where
electrons are supposed to be created near the bottom of the
ground miniband. Figure 3�a� shows the amplitude spectrum

�ẼTHz���� and the phase spectrum arg ẼTHz��� computed
from the measured THz wave form with the tentative time
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FIG. 2. Temporal wave forms of the THz electric fields emitted
from a GaAs�7.5 nm�/AlAs�0.5 nm� SL at F=11 kV /cm for vari-
ous pump photon energies Epm. The time origin �t=0� shown here is
arbitrary. The values of 1.538 and 1.577 eV for Epm correspond to
the photoexcitation of electrons near the bottom and the top of the
ground miniband, respectively.
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FIG. 3. MEM analysis of the
THz emission data taken at Epm

=1.538 eV. �a� Fourier spectrum
�amplitude and phase� computed
from the THz wave form with the
tentative time origin of Fig. 2. �b�
Output spectral data for the MEM
phase and error phase.
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origin of Fig. 2. We then feed the obtained �ẼTHz���� and

arg ẼTHz��� into the MEM analysis. Figure 3�b� shows the
output from the MEM, i.e., the MEM phase spectrum �M���
and the error-phase spectrum 	err���. As seen in the figure,
the MEM phase �M��� displays a phase shift by � across the

resonance feature in �ẼTHz����, while the error phase 	err���
exhibits a linear change for � /2�=1.0–2.5 THz, which
arises from the misplacement of the time origin. By compen-
sating for the slope of 	err���, we estimated �t to be
150
15 fs for the original input data shown in Fig. 2.

The THz wave form after the removal of �t is plotted in
Fig. 4�a� by dots. The vertical dashed line in the figure de-
notes the corrected position of t=0, indicating that the oscil-
latory THz signal for t�0 evolves nearly as damped
−sin �Bt and that the small positive signal for t�0 is not part
of the damped sinusoidal oscillation.

Since the emitted THz electric field is proportional to the
time derivative of current, we examined how well the ob-
served THz wave form can be reproduced by a simulated
damped sinusoidal oscillation current of the form

Jp�t� = J1��t�e−t cos �Bt , �1�

where J1 is the maximum value of the current, ��t� the unit
step function, and  the dephasing rate. The physical mean-
ing of Eq. �1� will be seen later. Differentiation of Eq. �1�
leads to

�Jp

�t
= J1���t� − ��t�e−t��B sin �Bt +  cos �Bt�� , �2�

where ��t� is the delta function. Equation �2� was compared
with the observed THz wave form after it was convolved
with a temporal broadening function characterized by �br
�=0.28 ps� due to the finite bandwidth of our experimental
setup.

The simulated trace of �Jp�t� /�t given by Eq. �2� with
fitting parameters �B /2�=2.0 THz and =1.7 THz �Ref.
23� is shown in Fig. 4�b�. Also plotted in Fig. 4�c� are the
delta-function part �dashed curve�, the damped-oscillation
part �dash-dotted curve�, and the total �solid curve� of
�Jp�t� /�t convolved with the temporal broadening function.

The total simulated THz trace is replotted into Fig. 4�a� by a
solid curve. As seen in the figure, the agreement between the
observed THz wave form and the simulated THz trace is
excellent. This indicates that the transient current indeed
starts from its maximum as damped cos �Bt �see Eq. �1�� in
biased SLs. When we look at Fig. 4�c� more closely, we
further notice that the initial small positive signal for t�0 of
Fig. 4�a� is reminiscent of the delta function in �Jp�t� /�t at
t=0. It should be noted that such a transient current ex-
pressed by Eq. �1� has never been predicted by existing theo-
ries. Particularly, in the semiclassical band picture, Eq. �1�
requires assuming an unrealistic electron distribution around
the middle of the miniband at t=0 even for the lowest value
of Epm.

The same analysis works for the THz emission data taken
at different dc bias electric fields F. Figure 5 shows the ob-
served THz wave forms �dots� at Epm=1.547 eV for F=8.9,
11, and 13 kV/cm plotted with the corrected position of t
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FIG. 4. �Color online� �a� Observed THz wave form plotted by dots with the corrected position of t=0 �vertical dashed line�. Also shown
by a solid curve is a simulated THz trace expected for a damped cos �Bt current convolved with a temporal broadening of �br=0.28 ps.
Details of the simulated THz trace: �b� �Jp�t� /�t given by Eq. �2� with fitting parameters �B /2�=2.0 THz and =1.7 THz. �c� Convolu-
tions for the delta-function part �dashed curve�, damped-oscillation part �dash-dotted curve�, and total �solid curve� of �Jp�t� /�t.
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FIG. 5. �Color online� Observed THz wave forms for various dc
bias electric fields F=8.9, 11, and 13 kV/cm plotted by dots with
the corrected position of t=0 �vertical dashed line�. Also shown by
solid curves are simulated THz traces expected for a damped
cos �Bt current with �B /2�=1.7, 2.1, and 2.5 THz, respectively.
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=0 �vertical dashed line�. They can be well reproduced by
simulated THz traces �solid curves� when the fitting param-
eter �B /2� of Eq. �2� is varied from 1.7 to 2.5 THz, nearly
satisfying the relation �B=eFd /�. This provides further sup-
port for the analysis described above.

IV. DISCUSSION

Below, we discuss the mechanism for the observed tran-
sient current by considering WS localization of electron
wave functions under dc bias electric fields. In the WS ladder
picture, since electrons are bound to the WS levels and oc-
casionally undergo inter-WS-level scattering, both the quan-
tum beat of polarization charges and the hopping transport of
true charges start at the moment of short-pulse photoexcita-
tion. Here, due to the translational symmetry of lattice struc-
tures, all the WS levels are equally populated by electrons
for t�0.24 This unique electron distribution in real space
allows us to intuitively understand the observed
Epm-insensitive oscillation phase by treating the WS ladder
as a leaky dielectric medium composed of quantum-well ar-
tificial mesoscopic molecules in a biased SL.

On the basis of this insight, we propose an equivalent
circuit for the WS ladder system. The circuit diagram is
shown in Fig. 6, which consists of a dielectric-inserted ca-
pacitor C for polarization charges, a resistor R for true charge
transport, a voltage source V for the bias electric field F, and
a switch S for short-pulse photoexcitation that triggers elec-
tron motion. Here, the formation of a WS ladder is reflected
in the resistor R via the inter-WS-level scattering time and in
the capacitor C via the dielectric susceptibility ���� that has
a resonance at �� 
�B. Electrons distributed onto the WS
ladder leads to

Im ��
�B� = 0, �3�

i.e., a perfect cancellation of the absorption and stimulated
emission at the Bloch frequency.24

When the optical switch S is suddenly closed at t=0, elec-
trons are subjected to a step-function-like electric field F�t�
=F��t�. The total current for t�0 is expressed as

Jtot�t� =
�P�t�

�t
+ Jtr, �4�

where �P�t� /�t is the polarization current through capacitor
C �coherent transient motion due to the quantum beat�, and
Jtr is the true current through resistor R �incoherent steady
motion due to the hopping transport, which gives rise to the
Esaki-Tsu dc conductivity�.25 Since the polarization increases
linearly with the bias electric field in the WS ladder regime,

it is given by P̃���=����F̃��� with F̃���=F / �a− i�� in the
limit of a→+0. Thus, for t�0, we obtain a crude expression
for �P�t� /�t by picking up the e
i�Bt components with a
damping factor e−t:

�P

�t
=

F

2�
�

−�

�

d�����e−i�t �5�

� Re ���B�Fe−t cos �Bt , �6�

which indeed agrees with the trial expression for Jp�t� given
by Eq. �1�. A physical interpretation of Eq. �6� is that, since
the step-function-like input electric field F�t� is antisymmet-
ric with respect to t=0 and includes a sin �Bt-like driving
field, the polarization current �P�t� /�t must be orthogonal to
it and have the form of cos �Bt to produce a dissipationless
current at the Bloch frequency.

Now, let us discuss the reason why the semiclassical band
picture does not work correctly for the observed oscillation
phase. In the semiclassical band picture, electrons would be
accelerated �e.g., from the bottom of the miniband for the
lowest-energy photoexcitation� as if they were spatially ex-
tended in the initial half cycle of the Bloch oscillation; they
would not “feel” the spatial localization until they experience
Bragg reflections many times. Therefore, the semiclassical
band picture cannot give a good description for physical situ-
ations where electrons are suddenly created in the states that
are already spatially localized at the moment of short-pulse
photoexcitation.26

V. REMARKS ON BLOCH GAIN

Finally, we would like to mention that the phase of the
transient current �P�t� /�t is related to the spectral shape of
the ac differential conductivity ���� in the WS ladder re-
gime, where the polarization increases linearly with the bias
electric field. Since the Fourier transform of �2P�t� /�t2 is
calculated to be −i�����F from Eq. �5� and ����=

−i����� by definition, ẼTHz��� is proportional to ����F.

Figure 7 shows Re ẼTHz��� and Im ẼTHz��� spectra obtained
from the THz wave form of Fig. 4�a�. As seen in the figure,

Re ẼTHz��� changes from negative to positive across
�B /2�=2.0 THz. Thus, the observed oscillation phase is
consistent with the existence of inversionless gain below the
Bloch frequency called the Bloch gain,18,19,27 which appears
as a quantum dissipative effect after the Bloch oscillation is
dephased.15,16,23

Very recently, a few theoretical reports asserted that tran-
sient THz emission cannot be linked to the ac differential
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FIG. 6. �Color online� Equivalent circuit for the WS ladder sys-
tem. C: dielectric-inserted capacitor, R: resistor, V: voltage source,
and S: optical switch. Here, electrons are equally distributed onto
all the WS levels. Each electron contributes either to the polariza-
tion current �P�t� /�t through C �due to the quantum beat� or to the
true current Jtr through R �due to the hopping transport� with a
probability governed by inter-WS-level scattering.
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conductivity in the WS ladder regime because the Esaki-Tsu
nonlinear current-field relation does not allow linear-
response analysis of the transient current for the optically
switched step-function-like bias input.22,28 However, they
were based on the assumption that the transient current �or
electron drift velocity� would start from zero at the moment
of short-pulse photoexcitation, which is equal to its steady-
state value for spatially extended electrons at F=0. Our ex-
perimental results with the time origin accurately determined
by the MEM show that the transient current starts from its
maximum as damped cos �Bt for various pump photon ener-
gies Epm, breaking the fundamental assumption of Refs. 22
and 28. We would like to emphasize that the observed tran-
sient current has a character of the polarization current cre-
ated in a dielectric medium. It can indeed be identified as the
polarization current under WS localization of electron wave
functions, where the polarization approaches a linear asymp-
tote with the bias electric field in the presence of the true
current due to the hopping transport for the Esaki-Tsu dc
conductivity.25 Thus, the observed transient current is natu-
rally linked to the steady-state ac dielectric property, i.e., the
susceptibility ����, of WS-localized electrons for the opti-
cally switched step-function-like bias input.

This leads us to the conclusion that the ac differential
conductivity ����=−i����� can generally be measured
from transient THz emission as long as electron transport
occurs in a single energy band, i.e., the nonlinearity of the
steady-state current-field relation arises only from the forma-
tion of a WS ladder.14 It is not clear at present whether such
a treatment is applicable to other types of THz gain ascribed
to multiband electron transport.

VI. SUMMARY

In summary, we have systematically performed a phase-
sensitive THz measurement of transient transport of Bloch
oscillating electrons in the lowest miniband of GaAs-based
SLs. The transient current has been found to always start
from its maximum as damped cos �Bt for various initial
electron distributions created by femtosecond laser pulses.
We have shown that the observed oscillation phase is gov-
erned by the translationally symmetric electron distribution
under WS localization of electron wave functions, which
cannot be equivalently described in the framework of semi-
classical miniband transport before electrons experience
Bragg reflections many times. Here, the transient current has
been explained as the time derivative of the polarization that
increases linearly with the bias electric field via the dielectric
susceptibility ���� in the WS ladder regime. Thus, the ob-
served oscillation phase is consistent with the spectral shape
of the ac differential conductivity ����=−i����� for the
Bloch gain.
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